ABSTRACT
INTRODUCTION
Patients suffering from autoimmune diseases produce antibodies directed to a variety of intracellular selfantigens+ In patients with systemic lupus erythematosus (SLE), antibodies recognizing the U1 small nuclear ribonucleoprotein particle (snRNP) are often found+ U1 snRNP consists of an RNA molecule (U1 snRNA) bound by several proteins and plays an important role in splicing of pre-mRNA+ Three proteins are specifically associated with U1 snRNP: U1A, U1C, and the U1-70K protein+ The remaining U1 snRNP proteins (Sm proteins) are also associated with other snRNPs (for a review, see Klein Gunnewiek et al+, 1997)+
The sera of SLE patients may not only contain antibodies directed against the protein components of the U1 snRNP, but also antibodies directed against the U1 snRNA itself (Van Venrooij et al+, 1990 )+ Previous studies have shown that the main targets of these autoantibodies are stem loops II and IV of U1 snRNA+ Hoet et al+ (1992) utilized mutant RNAs to study these epitopes on the U1 snRNA, whereas Tsai and Keene (1993) and St+ Clair and Burch (1996) employed an RNA epitope library+ Both anti-U1 snRNA antibody populations (anti-stem loop II and anti-stem loop IV) have been purified and were able to precipitate the native U1 snRNP, indicating that the antigenic regions are accessible (Hoet et al+, 1993 )+ Stem loop II and, in particular, the loop of this structural element is involved in the binding of the U1A protein (Lutz-Freyermuth & Keene, 1989; Patton et al+, 1989; Sherly et al+, 1989; Surowy et al+, 1989; Bach et al+, 1990; Jessen et al+, 1991) + A protein interacting with stem loop IV has not yet been described+ Both human and murine monoclonal antibodies directed to U1 snRNP protein components are available for studying the U1 snRNP particle (Billings et al+, 1982; Habets et al+, 1989; De Wildt et al+, 1996) + Monoclonal antibodies against the U1 snRNA are not available yet+ Thus far, only affinity-purified antibodies or in situ hybridization of modified antisense probes could be used to study the U1 snRNP via its RNA molecule (CarmoFonseca et al+, 1991; Hoet et al+, 1993 )+ Therefore, we set out to produce an anti-U1 snRNA monoclonal antibody+ For this purpose, a phage display antibody library was prepared from an anti-U1 snRNA positive SLE patient and used subsequently to select anti-U1 snRNA antibodies+ These selections resulted in the isolation of two single-chain variable fragments (scFv) specific for stem loop II of U1 snRNA+ Like the patients' antibodies, the selected scFvs were able to bind intact U1 snRNPs+ One of the scFvs was further characterized in detail+ The scFv binding region on U1 snRNA was determined by footprinting analyses using RNase A, RNase V1, and Fe(II)EDTA+ Finally, the scFv binding site was visualized in a three-dimensional model of stem loop II RNA+
RESULTS

Selection of U1 snRNA specific scFvs
A phage display antibody library was prepared from SLE patient Z5 whose serum contained antibodies directed against U1 snRNA (Fig+ 1A), more specifically anti-stem loop II and anti-stem loop IV antibodies (Hoet et al+, 1993 )+ First, RNA was isolated from bone marrow lymphocytes+ Subsequently, immunoglobulin cDNA was synthesized and amplified using RT-PCR to obtain a scFv phage display library (R+M+A+ Hoet, J+ Raats, R+ De Wildt, H+ Dumortier, S+ Muller, F+ Van Den Hoogen, & W+J+ Van Venrooij, submitted)+ From this library, two scFvs against U1 snRNA, termed Z5scFv3 and Z5scFv7, were selected using procedures described previously (De Wildt et al+, 1996) + Soluble scFvs were produced as a periplasmic secretion product containing both a VSV-tag and a His-tag for purification and detection purposes+
The specificity of the scFvs was first established using RNA immunoprecipitation+ Because previous studies had revealed that patient Z5 produced anti-U1 snRNA autoantibodies reactive with stem loop II and stem loop IV of U1 snRNA, the corresponding subfragments of U1 snRNA (see Fig+ 1B) were used to determine the specificity of the isolated scFvs+ ScFvs were incubated with a mixture of [ 32 P]-labeled RNAs, consisting of U1 snRNA, stem loop II, and stem loop IV subfragments, and Th RNA [the RNA component of RNase MRP (Lindahl & Zengel, 1996) ] as a negative control+ Both Z5scFv3 and Z5scFv7 were able to immunoprecipitate U1 snRNA and stem loop II, but not stem loop IV (Fig+ 1C)+ The negative control, Th RNA, was not precipitated+ These results show that both scFvs specifically recognize stem loop II of U1 snRNA+ Nitrocellulose filter binding competition assays, using several RNAs and double-stranded DNA, confirmed the specificity of these scFvs for stem loop II (data not shown)+ Possible cross-reactivity of the scFvs was tested with U1 proteins U1A, U1C, U1-70K, and SmB/B9 (by western blotting and ELISAs) and with nuclear extracts of HeLa cells (by western blotting)+ No cross-reactivities were detected (data not shown)+ Because both scFvs were reactive with stem loop II and the expression level of Z5scFv7 was (for unknown reasons) reproducibly low, Z5scFv3 was chosen for a more detailed characterization+
Characterization of Z5scFv3
To determine which part of stem loop II is recognized, the binding of Z5scFv3 to two mutants of stem loop II was analyzed by immunoprecipitation+ In mutant stem loop II ML , four loop nucleotides, which are part of the U1A binding sequence (65-AUUG-69), were replaced by UGAU (stem loop II ML , mutated loop; Fig+ 1D)+ As can be seen in Figure 1D Next it was tested whether the Z5scFv3 was able to recognize its epitope in intact U1 snRNPs+ First, a co-immunoprecipitation experiment was performed+ The scFv was incubated with a 35 S-methionine-labeled cell extract and the co-immunoprecipitated proteins were analyzed by SDS-PAGE followed by autoradiography+ As a positive control, anti-Sm antibodies were used (Fig+ 1F, lane 2)+ Both types of antibodies were able to precipitate the U1 snRNP complex, visualized by the presence of the U1A and U1C proteins as well as the SmB/B9 and SmD proteins (see Fig+ 1F, lanes 2 and 3)+ In a second type of experiment, the immunofluorescent staining pattern for the scFv in HEp-2 cells was determined+ As can be seen in Figure 2 , Z5scFv3 resulted in either a coiled body staining pattern or in a combined coiled body/nucleoplasmic speckled pattern very similar to that obtained with anti-U1A monoclonal antibody 9A9+ Also Z5scFv7 resulted in staining of the coiled bodies+ The appearance of nucleoplasmic speckles in addition to coiled bodies appeared to be dependent on the concentration of the antibody fragment+ Similar observations have been made before with other anti-snRNP antibodies and with anti-U1C scFvs (R+M+A+ Hoet (Hoet et al+, 1992) contains a mutated U1A binding sequence, replacing 65-AUUG-69 with UGAU (depicted by a shaded box)+ Lane 1, the input; lanes 2 and 3, supernatant and precipitated RNA by Z5scFv3, respectively; lanes 4 and 5, supernatant after immunoprecipitation and precipitated RNA of the control incubation with anti-VSV tag antibodies coupled to protein A beads via rabbit anti-mouse antibodies+ E: Immunoprecipitation of mutant stem loop II RNA+ In this mutant, stem II is changed into the stem of stem loop IV of U2 RNA (depicted by a shaded box), creating mutant stem loop II MS (Hoet et al+, 1992 )+ Lane 1, the input; lanes 2 and 3, supernatant and precipitated RNA by Z5scFv3, respectively; lanes 4 and 5, supernatant after immunoprecipitation and precipitated RNA of the control incubation with anti-VSV tag antibodies coupled to protein A beads via rabbit anti-mouse antibodies+ F: Precipitation of intact U1 snRNPs by Z5scFv3+ U1 snRNP particles containing 35 S-labeled proteins were immunoprecipitated from a whole-cell extract using Z5scFv3 (lane 3), anti-Sm antibodies (lane 2), and a nonrelated antibody as negative control (lane 1)+ for stem loop II of U1 snRNA, this result again suggests that the region of stem loop II that is recognized by the scFv is different from the region that is bound by the U1A protein+ From these experiments, we conclude that both U1A and the Z5scFv3 autoantibody fragment are able to bind simultaneously to stem loop II of U1 snRNA+
Probing of the U1 snRNA-Z5scFv3 complex
For a more detailed characterization of the binding site of the patient-derived scFv, stem loop II of U1 snRNA (Fig+ 1B) was probed with both enzymatic and chemical reagents in the presence and the absence of Z5scFv3+ The scFv was first bound to beads and allowed to bind to stem loop II+ The bound stem loop II was subsequently probed with RNase A, RNase V1, or Fe(II)EDTA-generated hydroxyl radicals+
Enzymatic footprinting
Three regions on the RNA were found inaccessible to RNase V1 (cleaves phosphodiester bonds in doublestranded RNA) upon binding of the scFv, as can be seen in the experiment shown in Figure 3A (compare lanes 2-4 with lanes 6-8)+ The first region extends from G53 to U61 (nucleotide numbering as in Fig+ 1B), covering a large central portion of the stem+ The other regions, G77-G82 and G92-G93, are located on the opposite strand of the RNA (Fig+ 3A), although it should be noted that the interpretation for G93 was obscured by spontaneous RNA breaks in some experiments+ These results, however, confirm that the binding site of the scFv is different from the U1A binding site+ No data were obtained for the region G83-G91, because RNase V1 did not cleave the free nor the complexed RNA at these positions+ The probing results for the free RNA molecule are in complete agreement with the RNase V1 probing data for U1 snRNA described by Krol et al+ (1990) + The data are summarized in Figure 4A+ An unexpected observation was the increased sensitivity to RNase V1 of the bonds 39 of C73-C75 in the RNA-scFv complex (see Fig+ 3A, lanes 3 and 4, and Fig+ 4A)+ This suggests that binding of the scFv induces stacking of the bases of the last three loop nucleotides, making them susceptible to RNase V1 cleavage+ This could be the result of a more general stabilization of the helix structure, suggesting that the binding of Z5scFv3 to stem loop II induces some structural changes in the RNA+ Probing with RNase A (cleaves 39 of single-stranded pyrimidines) did not show a protection pattern+ The enzyme was able to cleave the same bonds in both the RNA-scFv complex and the free RNA, i+e+, those in the loop of the RNA (nt 66-74), which is in agreement with the data described above suggesting that the scFv binds to the stem region on stem loop II (data not shown)+
Chemical footprinting
Because ribonucleases are relatively large molecules, the protected regions might appear larger due to steric hindrance+ We therefore used hydroxyl radicals generated by Fe(II)EDTA to obtain more detailed information on the accessibility of the riboses+ An example of such a Fe(II)EDTA probing experiment is shown in Figure (Krol et al+, 1990) , all protected nucleotides appear to reside on the same side of the stem+ The binding site encompasses three juxtaposed sequence elements on the helix (nt 54-58, nt 77-80, and nt 87-88)+ This is shown as stereo views from two different angles ( Fig+ 5A,B) , with the Z5scFv3 binding site highlighted in red+ The loop II structure of U1 snRNA, as determined by X-ray crystallography (Oubridge et al+, 1994) , is incorporated in the model (shown in yellow) together with the first RNA-binding domain of U1A protein (represented as a green shaded ribbon)+ This model shows that the Z5scFv3 binding site is spatially separated from the U1A binding site and is located at the other side of the RNA molecule (with respect to the helix axis)+ This model further suggests that both the U1A protein and Z5scFv3 are able to bind the RNA simultaneously+
DISCUSSION
In this study, human monoclonal autoantibodies directed to an RNA molecule have been described+ Their specificity for U1 snRNA, in particular stem loop II of U1 snRNA, was established by immunoprecipitation and by nitrocellulose binding competition assays+ One of these human monoclonal antibodies (Z5scFv3) was characterized in more detail+ It binds specifically to the stem of the U1 snRNA stem loop II, suggesting that the scFv recognizes a structure distinct from the U1A binding site, which is known to bind the loop of stem loop II (Lutz-Freyermuth & Keene, 1989; Patton et al+, 1989; Sherly et al+, 1989; Surowy et al+, 1989; Bach et al+, 1990; Jessen et al+, 1991 )+ The simultaneous binding of Z5scFv3 and U1A to U1 snRNA was substantiated by immunofluorescence data and by the ability of the autoantibody fragment to precipitate U1A containing U1 snRNPs from a total cell extract+ The present data, however, do not provide information about the possible difference in affinity of the scFv toward either the intact U1 snRNP or the naked U1 snRNA+ Nevertheless, the binding of U1 snRNP in both immunoprecipitation and immunofluorescence imply that this scFv might be an attractive tool for biochemical and cell biological studies on U1 snRNP+ In view of its specificity, it provides an alternative to U1 snRNA-specific antisense oligonucleotide probes (Carmo-Fonseca et al+, 1991)+ For some applications, it may even be superior to antisense oligonucleotides, because the latter probes are directed preferentially to single-stranded regions in the RNA that, in general, coincide with functionally important elements, like the 59-end of U1 snRNA, which is involved in 59-splice-site recognition, and loop sequences, which are important for protein binding (reviewed in Klein Gunnewiek et al+, 1997)+ Because no (major) structural changes in the RNA seem to be required for recognition of U1 snRNA by the scFv, and because no specialized and laborious techniques are required to visualize U1 snRNA with the scFv, FIGURE 3. Footprint analysis of the Z5scFv3-stem loop II complex+ A: Probing experiment using the double-stranded RNA specific RNase V1+ Both the free and the complexed RNA were subjected to RNase V1 degradation+ Lanes 1, 5, and 9, control incubations in which the RNase was omitted+ The Z5scFv3-stem loop II complex is probed in lanes 2-4 (denoted scFv-SLII), with increasing amounts of RNase V1+ Free RNA is probed with increasing amounts of RNase V1 in lanes 6-8 (denoted SLII)+ Cleavage positions were deduced from sequence ladders of RNase T1 (lanes 10 and 11)+ The cleavage product of RNase V1 migrates faster than the corresponding RNase T1 cleavage product, resulting in a difference of one nucleotide+ Nucleotide positions indicated on the right are numbered according to the RNase V1 cleavages+ Solid lines at the left indicate regions in the RNA that are protected by Z5scFv3+ B: Probing experiment using Fe(II)EDTA+ Lanes 1 and 2, probing of the free RNA (denoted SLII); lanes 3 and 4, probing of the Z5scFv3-stem loop II complex (denoted scFv-SLII); lanes 5 and 6, sequence ladder of the free RNA obtained under denaturing conditions using RNase A+ Lanes 1, 3, and 5 are control incubations in which the reagent was omitted+ Cleavage positions were deduced from the sequence ladder of RNase A (lane 6)+ The labeled product from cleavage by hydroxyl radicals has an additional phosphate group+ The migration therefore differs by one nucleotide from the RNase A sequence ladder+ Nucleotide positions indicated on the right are numbered according to the hydroxyl radical cleavages+ Solid lines at the left indicate regions in the RNA that are protected by Z5scFv3+ this recombinant antibody fragment provides an excellent reagent for cell biological studies on U1 snRNA+ Moreover, because, in principle, any epitope tag can be introduced in the scFv (a VSV-G tag was used in our studies), these antibodies can be combined easily with conventional murine monoclonal antibodies in double staining experiments+
It should be noted that we still do not know whether the Z5scFv3 epitope is accessible in higher-order complexes like the spliceosome+ Nevertheless, the immunofluorescence patterns obtained with the anti-U1 RNA scFvs indicated that the stem loop II epitope is accessible in both nucleoplasmic U1 RNA and U1 RNA localized in coiled bodies+ At relatively low concentrations of scFvs, merely coiled body staining was evident, which is in agreement with previously published data indicating that the highest concentrations of splicing snRNPs are found in this subnuclear compartment, an organelle that has been proposed to be involved in some aspect of snRNP maturation, transport, or recycling (Bohmann et al+, 1995)+ The anti-U1 RNA scFv staining pattern is similar to those reported previously for anti-U1 snRNP-specific antibodies (Habets et al+, 1989; Klein Gunnewiek & Van Venrooij, 1994) and to the pattern obtained by in situ hybridization with U1 snRNA-specific probes+ Most interestingly, based upon the results of the latter type of experiments, it has been suggested that the relative concentration of U1 snRNA in coiled (II)EDTA probing data+ Upper panel shows the average protection for each nucleotide, calculated from phosphorimaging data+ Protected regions above 30% protection are boxed in the lower panel+ It should be noted that the data for nt 67-75 were obscured by natural RNA breaks in the control incubations+ bodies might be lower than that of the other splicing snRNAs (Carmo-Fonseca et al+, 1991 , 1992 Matera & Ward, 1993 )+ The present scFv data also suggest that U1 snRNA accumulates in the coiled bodies in HEp-2 cells+ The discrepancy with the in situ hybridization data might be explained (in part) by the potentially reduced accessibility of U1 snRNA sequences complementary to the in situ hybridization probes in coiled bodies+
The RNase V1 structure probing data of U1 snRNA stem loop II are in complete agreement with previously published results obtained with complete U1 snRNA (Krol et al+, 1990 )+ These data and the immunoprecipitation of stem loop II indicate that the vector-derived nucleotides did not (markedly) influence the formation of the proposed stem loop structure+ Our RNase V1 probing data do suggest that the stem structure is lengthened somewhat by base pairing of some of these vectorderived nucleotides (see Fig+ 4A)+ A comparison of the RNase V1 cleavages in the free RNA with cleavages in the scFv-RNA complex indicated three protected regions in the complex+ One region is located in the 59 part of the stem of stem loop II, and two regions in the 39 part+ A reduced efficiency of a particular cleavage is not necessarily the result of steric hindrance due to the binding of the scFv+ It could also result from a structural change, i+e+, from double-stranded to single-stranded RNA+ However, the RNase A probing of the scFv-RNA complex did not show additional cleavage sites in regions that are double-stranded in the free RNA, thus arguing against such a possibility+ Because of the size of nucleases, footprints found by RNases usually are larger than the region actually involved in the interaction with protein+ A more refined protection pattern, nicely correlating with the RNase V1 data, was obtained with hydroxyl radicals (Fig+ 4B)+ It should be noted that the Z5scFv3 binding region contains some unusual base pairs: C54-C87, G55-A86, and A56-G85+ Because such base pairs distort the normal helical (A-form) structure of an RNA, they might be very important for the specific recognition of the RNA by the scFv+ An interesting possibility would be that the major groove, which is deep and narrow in an A-form helix and therefore inaccessible for protein side chains, is widened to some extent by the presence of these unusual base pairs+ Specificity is more easily achieved by interactions in the major groove in comparison with minor groove contacts, in particular in the case of A-U base pairs+ Because the center of the epitope recognized by Z5scFv3 coincides with the unusual base pairs (positions 54-58), it is tempting to speculate that the specificity of the antibody fragment is determined by hydrogen bonds and specific electrostatic interactions in this unique (distorted) helical region in stem loop II of U1 snRNA+ Structural data, obtained by, for instance, X-ray diffraction of co-crystals, are required to shed more light on this+
To obtain a more three-dimensional impression of the Z5scFv3 epitope structure, a model for U1 snRNA stem loop II was built, based upon literature data for stem (Krol et al+, 1990 ) and loop structure (Oubridge (Oubridge et al+, 1994) and the proposed three-dimensional model of stem loop II (Krol et al+, 1990) ]+ U1A binding sequence on the RNA is indicated in yellow+ Protected regions on stem loop II are shown in red+ RNA-binding domain of the U1A protein in association with the loop is shown as a green shaded ribbon+ et al+, 1994)+ A projection of sequence elements protected by Z5scFv3 on this three-dimensional representation of U1 snRNA stem loop II revealed that these elements are juxtaposed on one side of the helix and that the complete epitope covers approximately one helical turn+ Strikingly, in this structural model, the U1A protein recognition site, which has been well defined by many experimental data (Lutz-Freyermuth & Keene, 1989; Patton et al+, 1989; Sherly et al+, 1989; Surowy et al+, 1989; Bach et al+, 1990; Jessen et al+, 1991; Oubridge et al+, 1994) , is not only spatially separated from the Z5scFv3 epitope through its location in the loop, but also appears to be positioned on the opposite side (with respect to the helix axis) of the RNA molecule+ Accordingly, it is not surprising that U1A and Z5scFv3 are able to bind to stem loop II simultaneously+ An interesting aspect from an immunological point of view is the fact that Z5scFv3 was derived from a phage display library reflecting the antibody repertoire of an autoimmune patient+ The observation that this autoantibody recognizes part of the stem structure of stem loop II, even in a completely assembled U1snRNP complex, is compatible with the idea that the intact U1snRNP complex, at some stage during the development of the autoimmune response, is the (auto)antigen exposed to the immune system+
MATERIALS AND METHODS
Preparation of RNA and production of the U1A protein
The full-length U1 snRNA, the stem loop II, and the stem loop IV subfragments (Fig+ 1) are described by Hoet et al+ (1992) + The constructs for stem loop II and IV code for nt C49-G92 and G139-G165, respectively+ After T7 transcription of the BamH I digest, stem loop II contains 15 extra vector-derived nucleotides (see Fig+ 1B) and 45 extra vector-derived nucleotides for the subfragment used in Figure 1C , whereas stem loop IV contains 86 extra vector-derived nucleotides (see Fig+ 1B)+ The Th RNA construct was a kind gift of Dr+ H+ Pluk+ Transcription and 59-end-labeling of the RNA was performed essentially as described in Teunissen et al+ (1997) + To obtain 32 P-labeled RNA, in vitro transcription was performed in the presence of [a- 32 P]UTP+ Production and purification of recombinant U1A protein in Escherichia coli was performed as described previously (Boelens et al+, 1993 )+
Selection and screening of scFvs
To obtain a scFv-producing library, RNA was isolated from bone marrow lymphocytes+ Subsequently, cDNA was synthesized and amplified using PCR (R+M+A+ Hoet, J+ Raats, R+ De Wildt, H+ Dumortier, S+ Muller, F+ Van Den Hoogen, & W+J+ Van Venrooij, submitted)+ The selection protocol followed was essentially as described in De Wildt et al+ (1996) , using immunotubes (Nunc, Maxisorp) coated with U1 snRNA to select scFvs+ After three rounds of selection, scFv-clones were screened by a nitrocellulose filter binding assay+
S-labeled cell extract
HeLa (ATCC-CCL-2) monolayer cells were cultured in methionine-free medium for 1 h+ Subsequently, the cells were incubated with 10 mCi/mL 35 S-methionine for 4 h at 37 8C, followed by an overnight incubation in complete medium+ Cells were trypsinized and washed three times with cold PBS+ After resuspension, the cells were subjected to three rounds of freeze-thawing, sonified, and centrifuged at 100,000 ϫ g+ Glycerol was added to the supernatant to a final percentage of 20%, which was subsequently stored at Ϫ70 8C until use+
Immunoprecipitations
A VSV-tagged scFv was coupled to 20 mL protein A agarose beads via rabbit anti-mouse immunoglobulins (Dako, 5 mL) and a mouse anti-VSV antibody (Boehringer Mannheim, 1667351; 0+5 mL supernatant) in 150 mM NaCl, 10 mM TrisHCl, pH 7+5, and 0+05% NP-40 (De Wildt et al+, 1996) + In order to test the specificity of the antibodies, the immobilized scFvs were either incubated with a mixture of [ 32 P]-labeled RNAs (Th RNA, U1 snRNA, stem loop II, and stem loop IV) or with the [ 32 P]-labeled stem loop II ML or stem loop II MS + To determine whether Z5scFv3 was able to immunoprecipitate U1 snRNP complexes, the coupled antibody was incubated with 35 S-labeled cell extract+ For probing reactions, the immobilized Z5scFv3 was incubated with stem loop II RNA at 4 8C in probing buffer: 100 mM KCl, 10 mM Tris-HCl, pH 7+5, 2+5 mM MgCl 2 , 0+1% Tween-20, and 0+1% NP-40+ The complexes were washed with probing buffer to remove unbound RNA, and subsequently subjected to probing agents+
Immunofluorescence staining of HEp-2 cells
Fixed HEp-2 (ATCC-CCL-23) cells were incubated with a periplasmic fraction of Z5scFv3 or Z5scFv7 (dialyzed against PBS) and bound antibody fragments were visualized by subsequent incubations with anti-VSV-G (Boehringer Mannheim) and FITC-conjugated goat anti-mouse Ig (Dako)+ Between each incubation step, the cells were washed briefly three times with PBS+ The scFv was omitted in the negative control+ The U1A specific monoclonal antibody 9A9 (Habets et al+, 1989 ) was used as a positive control+ For double-labeling experiments with anti-p80 coilin (rabbit serum R288, a kind gift of Dr+ E+ Chan), the cells were incubated with anti-p80 coilin (100-fold diluted in PBS) and Texas Red-conjugated donkey anti-rabbit Ig (Amersham) either prior to the scFv incubation or in combination with the scFv and the FITC-conjugated goat anti-mouse Ig, respectively+ Confocal microscopy was used to obtain Z scans, which were superimposed for double stainings+
Probing reactions
Concentrations of enzymes and chemicals were optimized to obtain single hit conditions+ Parallel incubations in which the probing agent was omitted were performed in order to detect spontaneous RNA breaks+ RNase probing was performed essentially as described by Teunissen et al+ (1997) + Probing with Fe(II)EDTA was performed as described by Darsillo and Huber (1991) + In order to obtain single hit conditions, the concentrations of Fe(II)SO 4 (Aldrich), EDTA (Aldrich), ascorbic acid (Sigma), and H 2 O 2 (Janssen Chimica) were varied, while maintaining a molar ratio of 1:2 for Fe(II)SO 4 and EDTA, respectively+ Results were analyzed on a phosphorimager+ The average percentage protection was calculated by subtracting the number of counts of the Z5scFv3-stem loop II complex from the number of counts of the naked RNA, after background correction, for each nucleotide position+
Construction of the three-dimensional RNA structural model
Structures were visualized on a Silicon Graphics Indy workstation with the SYBYL program (SYBYL Molecular Modeling Software, Version 6+3/6+4, Tripos Inc+, St+ Louis, Missouri)+ The model was constructed using PDB structure 1NRC for the loop (Oubridge et al+, 1994) and the three-dimensional model proposed by Krol et al+ (1990) for the stem structure+ Base pairs of the stem from the crystal structure were fitted manually onto the corresponding base pairs of the model+
